Background Adolescent idiopathic scoliosis is a complex three-dimensional deformity of the spine characterized by deformities in the sagittal, coronal, and axial planes. Spinal fusion using pedicle screw instrumentation is a widely used method for surgical correction in severe (coronal deformity, Cobb angle [ 45°) adolescent idiopathic scoliosis curves. Understanding the anatomic difference in the pedicles of patients with adolescent idiopathic scoliosis is essential to reduce the risk of neurovascular or visceral injury through pedicle screw misplacement.
1.02 mm; 95% CI, 0.59 mm-1.45 mm), T6 (8.87 mm ± 1.37 mm vs 10.88 mm ± 0.81 mm; p \ 0.001; mean difference, 2.02 mm; 95% CI, 1.40 mm-2.63 mm), T7 (9.09 mm ± 1.24 mm vs 11.35 mm ± 0.84 mm; p\0.001; mean difference, 2.26 mm; 95% CI, 1.81 mm-2.72 mm), and T8 (10.11 mm ± 1.05 mm vs 11.86 mm ± 0.88 mm; p \ 0.001; mean difference, 1.75 mm; 95% CI, 1.30 mm-2.19 mm). Conversely, the concave transverse pedicle angle was larger than the convex at levels T6 (11.37°± 4.48°vs 8.82°± 4.31°; p = 0.004; mean difference, 2.54°; 95% CI, 1.10°-3.99°), T7 (12.69°± 5.93°vs 8.65°± 3.79°; p = 0.002; mean difference, 4.04°; 95% CI, 1.90°-6.17°), T8 (13.24°± 5.28°vs 7.66°± 4.87°; p \ 0.001; mean difference, 5.58°; 95% CI, 2.99°-8.17°), and T9 (19.95°± 5.69°vs 8.21°± 4.02°; p\ 0.001; mean difference, 4.74°; 95% CI, 2.68°-6.80°), indicating a more posterolateral to anteromedial pedicle orientation. Conclusions There is clinically important asymmetry in the morphologic features of pedicles in individuals with adolescent idiopathic scoliosis. The concave side of the curve compared with the convex side is smaller in height and width periapically. Furthermore, the trajectory of the pedicle is more acute on the convex side of the curve compared with the concave side around the apex of the curve. Knowledge of these anatomic variations is essential when performing scoliosis correction surgery to assist with selecting the correct pedicle screw size and trajectory of insertion to reduce the risk of pedicle wall perforation and neurovascular injury.
Introduction
Adolescent idiopathic scoliosis is a complex three-dimensional (3-D) deformity of the spine characterized by abnormal development in the sagittal, coronal, and axial planes. The deformity is present in 2% to 4% of children between the ages of 10 and 16 years [23] . If left untreated, there is a small potential for this deformity to progress to the point where it can cause pain, abnormal posture, and very rarely, impaired cardiorespiratory function [34] . Posterior spinal fusion using pedicle screw instrumentation is a widely used method for surgical correction in progressive and/or severe adolescent idiopathic scoliosis curves, with multiple studies reporting on the curve correction achieved, the desired levels to include in the fusion, the incidence of implant complications, and long-term deformity correction outcomes compared with other surgical approaches to correct adolescent idiopathic scoliosis [2, 4, 8, 17, 26, 27] .
Although newly developed imaging navigation techniques can assist in improving pedicle screw placement, failure to select appropriate screw size, screw starting point, and screw trajectory can result in pedicle screw misplacement which potentially can cause serious neurologic, vascular, or visceral injury [9, 10, 12, 29, 32] . There have been numerous studies examining the morphologic features of the pedicle and placement of pedicle screws in normal and adolescent idiopathic scoliosis spines using various definitions and measuring modalities [18, 25, 30, 31, 35, 36] . The majority of these studies have identified clear size asymmetry in the pedicle widths between the concave and convex sides of the curve. However, clear knowledge gaps or inconsistent findings exist regarding the rest of the morphologic features of the pedicle including pedicle height and the angle of orientation of the pedicles in the axial and the sagittal planes. This study aims to clarify these knowledge gaps and inconsistencies by looking at the pedicles in patients with adolescent idiopathic scoliosis more comprehensively and with a more clinically relevant and reliably reproducible measurement method. Through the use of a historical set of CT scans of patients with preoperative adolescent idiopathic scoliosis, we (1) compared the pedicle anatomy between the concave and convex pedicles and (2) assessed the intra-and interobserver reliability of these measurements methods.
Patients and Methods
Between 2007 and 2009 a total of 27 patients with adolescent idiopathic scoliosis were surgically treated by two experienced spinal surgeons (GNA and RDL). In the weeks before thoracoscopic anterior scoliosis correction surgery, every patient underwent a low-dose CT scan as was the routine standard of care at that time to ensure safer screw sizing [11] . Twenty-two patients (81%) ( Table 1) were selected for analysis in the current study based on inclusion criteria of (1) a clinical diagnosis of adolescent idiopathic scoliosis, (2) female, and (3) Lenke type 1 adolescent idiopathic scoliosis [14] with the major curve confined to the thoracic spine ( Table 2 ). Reasons for exclusion of five patients were: (1) male, (2) major curve was not confined to the thoracic spine, (3) insufficient data, (4) Lenke type 4 adolescent idiopathic scoliosis, and (5) hemivertebrae. All Cobb [6] angle measurements, Risser grading [22] , and Lenke classifications were performed by two highly experienced spinal orthopaedic surgeons (GNA and RDL) who subsequently performed the surgery. The selection criteria used was adapted from a previous study by our research group [19] . The historical CT databank had ethical approval for use in research from our hospital and university ethics committees.
Scans were performed from T1 to S1 with the patient in the supine position on Brilliance 64 (Phillips Healthcare, Amsterdam, Netherlands) or LightSpeed 1 VCT (GE Healthcare, Buckinghamshire, UK) machines with X-ray source voltage of 80 to 120 kVP. The source current range was 29 to 65 mA for all scans, with the exception of one scan in which the operator inadvertently did not follow the lowdose protocol, resulting in a source current of 119 mA. The voxel dimensions of the scans were between 0.49 9 0.49 9 1.00 mm and 0.78 9 0.78 9 1.25 mm. Dose reports were commissioned for both scanners with the highest estimated radiation dose of 3.0 mSv occurring with the GE LightSpeed 1 VCT scanner, with uncertainties owing to the dose model on the order of ± 20%. Estimated radiation doses for the Phillips Brilliance 64-slice CT scanner were substantially lower on the order of 2.0 mSv [24] . By comparison, the combined dose for posteroanterior and lateral standing radiographs is approximately 1.0 mSv, and the annual background radiation in Queensland, Australia is approximately 2.0 mSv. The scans were measured using the imaging software AMIRA 5.5.0 (FEI, Hillsboro, OR, USA).
Image Processing
Each CT scan was opened using AMIRA with synchronized axial, coronal, and sagittal displays. The image contrast levels were standardized to enable clear soft tissue and bone demarcation at the vertebral pedicles. The relevant vertebral body was identified by counting upward from the sacrum and confirmed by counting the rib levels superiorly and inferiorly. For the pedicle to be measured, the local axial viewing plane ( Fig. 1 ) was adjusted to be parallel to the superior and inferior endplates of the vertebrae in question (Red line in Fig. 1C ) and aligned with the pedicle axis (Red line in Fig. 1B ). When the superior and inferior endplate planes were not parallel owing to vertebral wedging, an orientation approximately halfway between (ie, bisecting) the two endplate inclinations was selected. The local sagittal viewing plane (Fig. 1B) then was adjusted such that it was in line with the pedicle axis and perpendicular to the local axial plane (Green line in Fig. 1A ). The right pedicle was identified in a similar manner and the local viewing plane orientation again adjusted to be in line with the right pedicle axis in the axial and sagittal viewing planes.
Measurement of Anatomic Landmarks
Anatomic landmarks were identified and measured on each pedicle (Fig. 2) . The 3-D coordinates of 17 points (points A through Q) were identified on each pedicle (34 in total for each vertebra), with the appropriate distances and angles between these points (pedicle width, inner cortical pedicle width, pedicle length, chord length, transverse pedicle angle, pedicle height, inner cortical pedicle height, sagittal pedicle angle) calculated from the landmark locations (Fig. 2) . These measurement definitions are similar to those described in the literature [7, 16, 18, 31] , however we have taken measurements with the coronal, sagittal, and axial planes oriented to better represent the anatomic axes of the pedicle.
Anatomic Measurements
All measurements were completed by one researcher (CMD). Three scans (totaling 40 pedicles) then were selected at random and measured a second time (CMD) to calculate the intraobserver variability. The same three scans then were measured by another of the authors (CAG) to assess the interobserver measurement variability.
The data were grouped to correspond to the anatomic spinal level (T1-T12) of the pedicle being measured, and normalized to the apex of the major curve. With respect to the latter, the apex was designated as level zero, rostral levels given sequential positive values, and caudal levels given sequential negative values. Where the major curve apex was between two vertebral levels (a disc), it was designated the superior of the two levels (an apex at T7-T8 was designated to be T7). A Shapiro-Wilk test indicated the samples did not follow a normal distribution therefore the Wilcoxon matched-pairs signed-rank test with a significance level less than 0.05 was used to compare the morphologic features of the concave and convex pedicles. A similar approach was used by Liljenqvist et al. [18] . Intra-and interobserver errors were evaluated using the mean difference and a 95% limit of agreement analysis was performed following steps outlined by Bland and Altman [3] . Statistical analysis was performed using SPSS Version 22.0 (IBM Corp, Armonk, NY, USA).
Results

Pedicle Anatomy
Asymmetry was identified between the concave and convex pedicles in the axial and sagittal planes. The mean concave pedicle width was smaller than the mean convex (Fig. 3) with symmetry restored at the rostral and caudal aspects of the major curve (T4-T6 and T11-T12) (Supplemental Table 1 . Supplemental material is available with the online version of CORR 1 ). The pedicle length steadily shortened from T4 to T10 before lengthening again from T10 to T12, however there were no clinically relevant differences noted between the concave and convex sides (Supplemental Table 1 . Supplemental material is available with the online version of CORR 1 ). The chord length on the convex and concave sides increased in size from the rostral to the caudal end of the major curve. The chord length on the concave side was larger than the convex side from T8 to T10 (T8: 39. 30 (Fig. 4) . The concave pedicle height was smaller than the convex pedicle height from T5 to T8 (T5: 9.43 mm ± 0.98 vs 10.63 mm ± 1.10 mm; p = 0.002; mean difference, 1.02 mm; 95% CI, 0.59 mm-1.45 mm); T6: 8.87 mm ± 1.37 mm vs 10.88 mm ± 0.81 mm; p \ Table 2 . Supplemental material is available with the online version of CORR 1 ). Comparatively the concave inner pedicle height was smaller than the convex pedicle height at T6 (4.03 mm ± 1.86 mm vs 4.88 mm ± 1.20 mm; p = 0.042; mean difference, 0.85 mm; 95% CI, 0.02 mm-1.68 mm), T7 (4.04 mm ± 1.62 mm vs 5.55 mm ± 1.03 mm; p \ 0.001; mean difference, 1.51 mm; 95% CI, 0.93 mm-2.10 mm); and T10 (6.80 mm ± 1.68 mm vs 7.43 mm ± 1.45 mm; p = 0.039; mean difference, 0.63 mm; 95% CI, 0.07 mm-1.19 mm) (Fig. 5) . The concave sagittal pedicle angles were larger than the convex at the levels of T9 (10.83°± 3.02°v s 8.7°± 2.91°; p = 0.010; mean difference, 2.13°; 95% CI, 0.79°-3.47°), T10 (10.76°± 3.71°vs 8.23°± 3.81°; p = 0.002; mean difference, 2.53°; 95% CI, 1.12°-3.94°), and T12 (7.03°± 2.19°vs 5.15°± 1.87°; p = 0.015; mean difference, 1.73°; 95% CI, 0.65°-2.81°) (Fig. 6 ).
Inter-and Intraobserver Variability
Bland-Altman plots showed minimal biases between the two researchers' measurements. Pedicle width measurements were the most consistent measurements in the intraand interobserver measurements with 95% limits of agreement of 0.7 mm and 0.8 mm respectively and mean difference of 0.09 mm and 0.18 mm respectively (Table 3) . The 95% limit of agreement values were the most variable with the transverse pedicle angles (intraobserver, 4.6°, mean difference, 0.28°; interobserver, 7.2°, mean difference, 1.12°) and sagittal pedicle angles (intraobserver, 5.9°, mean difference, 1.36°; interobserver, 7.5°, mean difference, 1.50°).
Discussion
When performing pedicle screw instrumentation surgery, inadequate understanding of the pedicle anatomy can result in incorrect pedicle screw size and length selection and screw insertion trajectory. These errors could result in pedicle wall expansion or fracture or anterior cortex breach, all of which could result in neurovascular injury or loss of secure fixation [15, 32] . In adolescent idiopathic scoliosis, where the anatomy is three-dimensionally asymmetrically distorted and the pedicles known to at times encroach closer to the spinal cord and aorta [16, 32] , it is vital to have an understanding of the morphologic features of the pedicle in all planes. While the pedicle width has been investigated in previous studies using various methods [8, 9, 16, 18, 30, 33, 36] , there are clear knowledge gaps or inconsistencies when examining the remaining pedicle parameters. The current study identified clinically relevant asymmetry in the width, height, and angulation of the pedicle in multiple planes using a more clinically relevant and reliably reproducible measurement technique. Smaller pedicle widths and heights and larger pedicle angles on the concave side of the curve were identified when compared with the convex side around the apex of the curve.
Although the dataset used in this study was captured from patients undergoing anterior thoracoscopic surgical correction, a posterior correction using pedicle screws also would be an appropriate treatment protocol, therefore the subjects were considered to be a relevant cohort for this investigation. The inclusion criteria were set to provide as much consistency as possible in the dataset without limiting the cohort size. While a previous study looking at spinal anatomy showed no difference between males and females [30] , with only one male in the dataset, we elected to exclude this male patient. Similarly we excluded the one curve which extended to L1 with an apex at T10, as it was thought this curve type may skew results, considering the most clinically relevant findings were found periapically. Owing to the limited cohort size, age, skeletal maturity, and race were not able to be subcategorized. Race can affect absolute pedicle size, with anatomic studies in Japanese [28] and Indian [30] patients with adolescent idiopathic scoliosis showing smaller absolute pedicle sizes compared with a western population.
Although direct measurement using cadaveric specimens is the gold standard for anatomic studies, sourcing adolescent cadavers with spinal deformities of operable severity and of sufficient numbers is not feasible. However, CT scans have been shown to have good correlation with direct measurement using cadaveric specimens for anatomic measurements of spinal anatomy [13, 20] . The use of a control group would have been beneficial but performing CT scans on healthy age-matched subjects for research purposes is ethically unacceptable owing to radiation exposure. While CT scans are currently not routinely conducted preoperatively, one still can adapt these findings to their intraoperative imaging and procedures.
Pedicle width, being the smallest cross-sectional dimension, is the most important factor as it dictates the maximum pedicle screw diameter that can be accommodated safely without medial or lateral cortical breach. Our study showed clinically relevant smaller pedicle widths (inner and outer cortical) on the concave side periapically-a finding consistent with previous studies using CT, MRI, and cadavers [1, 18, 21, 25, 30, 35] . Inner and outer cortical pedicle widths were measured to provide clarity over the inconsistencies or ambiguities that existed in the measurement definitions in previous studies [9, 36] . With the chord length being longer on the concave side of the curve at T8-T10, but no difference seen in the pedicle lengths, it can be inferred that the length from the anterior cortex of the vertebral body to the anterior aspect of the pedicle along the pedicle axis is longer on the concave side. It has been proposed with the rotational deformity, the vertebral body veers toward the concavity in the transverse plane which results in a longer chord length on the concave side [37] . Although statistically different, clinically it only translates into an absolute difference of between 1.4 to 1.8 mm. While pedicles with a mild 'windswept' pedicle were observed during the measurement phase, they did not affect pedicle length. However, they may explain the increase seen in the transverse pedicle angles on the concave side around the apex of the curve. In normal spines without deformity, the transverse pedicle angle gradually decreases from T1 to T12 before increasing again in the lumbar spine [7, 31, 37] . While the rostral and caudal ends of the curve in the patients in this study were consistent with those reported in previous studies [5, 16, 18] , only one of these previous studies [16] followed the trend seen in our study while the other two [5, 18] did not identify any difference between the two sides of the curve. It is thought the differences seen in the transverse pedicle angles is attributable to intravertebral rotation [16] . The definition of the sagittal pedicle angle varies among studies [5, 7, 36, 37] . We used a modified version of the definitions reported by Ebraheim et al. [7] , as it was deemed the most clinically applicable angle for pedicle screw insertion. In the literature, only two previous studies have measured intraobserver error [16, 18] , whereas to our knowledge, no prior study has investigated interobserver error. Angular measurements, clinically translated to the trajectory of the pedicle screw, had the most variation in our study (95% limits of agreement in the range of 5°to 7°f or transverse and sagittal pedicle angles), a finding also noted in the two previous studies [16, 18] . Reasons for this appear to be multifactorial with interstudy variation being contributed to by the disparity in angular measurement definitions, while intrastudy variation can be at least partially attributed to scan limitations. With the maximal inplane pixel thickness of 0.78 mm and maximum CT slice thickness of 1.25 mm we used, a single pixel difference in selecting an anatomic landmark can result in as much as 1.93°angulation difference when measuring the transverse pedicle angle using an average chord length (1.25 mm / 37 mm 9 tan À1 = 1.93°). While the linear measurements were more robust, like the angular measurements, one needs to take into account that the reproducibility of linear measurements also is bounded by the longest voxel dimension in the CT scan (1.25 mm in this case). These factors were not taken into account in the previous studies looking at variability [16, 18] . The morphologic features of the pedicles in patients with adolescent idiopathic scoliosis show a distinct asymmetric intravertebral deformity, which is most pronounced around the apical region of the major thoracic curve. Specifically the concave pedicles were found to be smaller in diameter in the axial and sagittal planes and more medially directed compared with the convex side. Identifying these clinically relevant differences provides important pedicle screw size and trajectory information for surgeons during corrective scoliosis surgery. Based on the results of the current study which analyzed thoracic vertebral levels, and taking into consideration the above factors, one could advocate the use of 3.5 mm diameter screws for levels T5 to T9 and 4.5 mm screws for levels T10 to T12. These findings are similar to the recommendations of Catan et al. [5] who recommended 3.5 mm screws for T3 to T9 and 4.5 mm screws for T9 to T12.
We acknowledge that CT scans no longer are routinely performed preoperatively, and as such, we propose future studies use MRI to examine different patient groups or curve types and severities.
